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Paper
Nanoscale structures made from noble metals such as gold or silver possess localized surface plasmon (LSP) excitations when the structure interacts with light of the correct frequency and polarization [1] [2] . When LSPs are formed, strongly enhanced electromagnetic near-fields are generated at the surface of the supporting nanostructure. This property has attracted considerable research interest due to its potential applications in areas such as sensors for medical diagnostics. Sensor technology based on surface enhanced fluorescence enables the detection of a range of different (bio)chemical molecules applicable for medical diagnostics [2] . For medical applications increased signal strength, thereby increased sensitivity and a high degree of signal reproducibility from the plasmon active substrate are important factors. Plasmon active arrays possessing regularly positioned plasmon active sites provide a geometry design that supports a homogenous signal enhancement across a large sample surface area. Modern nanofabrication methodologies enable the creation of a number of different nanostructures with precisely controlled shapes, sizes, and spacing [3] [4] [5] [6] [7] [8] [9] [10] . This has extended to the creation of a range of different metallic nanostructures array designs that produce localized surface plasmon resonances (LSPRs) [8] [9] [10] [11] [12] [13] [14] [15] . One such design is based on arrays of quasi self-standing metal nanorods [13] [14] [15] . Whereby metal nanorods are prepared in a host matrix which when removed produces an array of self-standing nanorods. The design of such arrays enables choice over precise particle shape, length, width and interparticle coupling thereby controlling the plasmonic properties [13] [14] [15] .
The presence of LSPRs on plasmonic metal nanostructures can enhance the fluorescence signal from locally situated fluorophores, a process known as surface enhanced fluorescence (SEF) [16] [17] [18] . A fluorophore in the vicinity of a metal nanostructure which supports LSPRs can experience both enhancements of non-radiative and radiative decay rates [19] [20] [21] [22] [23] [24] [25] . The interaction is threefold involving excitation enhancement, emission enhancement and quenching of the fluorescence emission [20] . The LSPRs contribution to the modification of fluorescence excitation and emission process originates from enhanced local E-fields interacting with the fluorophore. In metal nanostructures the LSPR can be damped and decay through non-radiative and radiative decay channels. The radiative decay channel contributes to the enhanced field while the non-radiative decay channel corresponds to energy lost through thermal dissipation. Whether radiative or non-radiative is the dominant decay process for LSPR damping depends on the metal, the size of the structure and on the excitation wavelength [25] . Above photon energies 1.85 eV for gold, interband transition can occur which introduces an additional decay channel and strongly dampens the plasmon oscillations thereby reducing the possibility for fluorescent (and Raman) enhancement [1, 25] . When the fluorophore is in direct or very close the metal surface the near field of the LSPR and the emitter interact. As a consequence energy from the fluorophore can be absorbed by an electron in the metal which undergoes an intraband transition [24, 25] . Essentially this occurs when the near field of the fluorophore and the nanostructure overlap, this caused an induction of surface charge oscillations in the metal whereby almost all energy is transferred from the fluorophore to the metal and lost through thermal dissipation [25] . This mechanism has shown to be the dominate decay channel at distances below 5 nm and it results in the emission intensity from the fluorophore to be greatly reduced [19] [20] [21] [22] [23] [24] [25] .
Studies of SiO2 dielectric coating of plasmon active (fractal) thin gold or silver metal layers have been reported [26] [27] [28] [29] . These studies demonstrated that using thin coating (e.g. d=5 nm) SEF can be produced. SiO2 dielectric spacers have been applied to solution processed randomly organised Au nanorods as a spacer layer [26] . The fluorescence emission from the probe was optimized by modifying the thickness of silica coated gold nanorods. The maximum SEF intensity was obtained at a thickness of d=15 nm [26] . Reineck et al. reported that by using 13 nm Au nanoparticles (Au NPs) they observed strong quenching of the fluorescence intensity when the dye and nanostructure absorption spectra overlapped. They showed that 95% of the fluorescence intensity was quenched up with dye Au NP separation < d=10 nm while only 50% of the fluorescence was quenched when using a different dye where the dye and nanostructure absorption spectra did not overlap [30] . Takahashi et al. also observed the fluorescence intensity being predominantly quenched at low separations of dye and metal nanostructure. For 15 nm Au NPs they observed maximum SEF at a SiO2 thickness of d=21nm, and by using lifetime measurements it was confirmed that the enhancement was due to coupling to the electromagnetic field created by the excitation of the LSPR [31] . Ge et al. used 30 nm Au NPs and observed maximum SEF at d=40nm. By using COMSOL they determined that the electromagnetic field extended up to d=90nm [32] .
Quasi self-standing metallic nanorod arrays possessing a fixed nanorod diameter and interrod separation have been widely applied for SERS [12] . A limited number of studies have demonstrated that such nanomaterials can be applied to SEF [33] . Here we demonstrate that such substrates following the removal of the aluminium matrix can support SEF via the use of plasma polymerisation deposited SiO2. Here we show that SiO2 enables an optimum layer thickness and does not damage the fragile self-standing nanorod array preserving the plasmonic properties. Plasmon active Au substrate based SEF can be significantly affected by electronic interband transitions from the valence band to the Fermi level in Au [1, 25] . The presence of interband transitions can lead to nonradiative plasmon damping. Many biological sensing applications require wavelengths to be monitored which are within the interband region. This has motivated our study of SEF from flourophores with optical absorption and emission wavelengths within the interband transition of Au. We demonstrate that effective SEF with excellent signal reproducibility (i.e. signal variance of <15% per 500 m 2 ) can be achieved using SiO2 coated nanorod arrays within this region.
A schematic illustration of the sample i.e. a quasi-ordered free-standing Au nanorod arrays is shown in Fig 1(a) . The schematic shows that the array possesses a 70 nm inter rod distance, a rod diameter 35 nm and rod height of 200 nm. The preparation of the Au nanorod arrays are described elsewhere [27] . In brief, the sample was made on a glass substrate base. On this a thin film multilayer was prepared by magnetron sputtering, consisting of 8 nm tantalum pentoxide (Ta2O5), 5 nm gold and a 300 nm aluminium film. Porous alumina (PAO) templates were formed by anodization of the aluminium in 0.3 M sulphuric acid (∼1 °C) at constant voltage using a platinum counter-electrode. Au nanorods were then grown in the PAO template by electrodeposition on the conducting 5 nm thick Au underlayer. We have found that the substrates produce better Raman and fluorescence signal if annealed before depositing the fluorophore. The substrates were annealed at 200 degrees C for 2 hours left to cool and then etched for 30 min. in 30 mM NaOH to remove the PAO template the Au nanorods were buried in. The plasma polymerisation deposition was performed using the OpenAir® atmospheric plasma jet system combined with the PlasmaPlus® liquid precursor delivery unit manufactured by PlasmaTreat GmbH (Steinhagen, Germany). The silicon dioxide coatings were deposited using the liquid precursor Tetraethyl-orthosilicate (TEOS, Sigma-Aldrich), which is characteristically used in the semiconductor industry for applying SiO2 layers. The plasma jet head was mounted onto a 3-axis precision gantry which enables the movement of the plasma at a nozzle to substrate height of 18mm over the substrates. The depositions were performed in a raster pattern at a traverse speed of 75 mm/sec and 4 mm raster step gap. The thickness of the SiO2 was determined by using a light profilometer. The fluorophore used was Rhodamine 6G (R6G). As a reference sample, we produced a glass slide with a 30 nm SiO2 film coverage. R6G was added to the samples by drop-deposition. Each sample (500 m 2 ) was deposited with 10 µL of 10 -6 M R6G and left to dry. Raman and fluorescence spectra were recorded using a custom-built, open-bench Raman system in epifluorescence backscattering configuration with 532 nm and 473 nm excitation. Fluorescence imaging and lifetime measurements were also done using an epi-fluorescence setup using a pulsed laser [8] [9] [10] . The surface topography was measured using Atomic force microscopy (AFM) in contact mode at a scan rate of 12 mm/sec. Fig. 1 (a) Schematic drawing of the Au nanorod array, inset is shown an SEM of the nanorod array. (b) Normal incidence optical absorption spectrum of nanorod array (black) with emission (red) and absorption spectrum (green) of probe molecule R6G. Marked i and ii are the wavelength position for excitation radiation at 473 and 532 nm respectively. Insert shows the absorption spectra for samples with d=10-50 nm SiO2 (c) Schematic of the sample preparation for the distance dependent SEF study. Optical absorption and fluorescence spectra of the fluorophore were recorded, along with the optical absorption spectrum of the Au nanorod array. The results are shown in Fig 1(b) . Absorption spectra of the arrays were measured at normal incidence using a UV-visible spectrometer before adding the fluorophore. The absorption spectrum for the substrate shows a broad peak with maxima at c.a. 530 nm which overlaps with the absorption and fluorescence bands of the R6G fluorophore. To study the distance dependent SEF from R6G on Au nanorod arrays we used SiO2 as dielectric spacer layer. SiO2 is known to be chemically inert, optically transparent and stable which are beneficial for distance dependent SEF studies [30, 34] . Absorption spectra from the samples were recorded (shown as inset in Fig. 1(b) ). The absorption spectra show no change with increasing SiO2 deposition indicating that the surface plasmon resonance wavelength is independent of spacer layer thickness. The schematic shown in Fig. 1(c) shows the sample morphology after SiO2 deposition. We expect the tips of the nanorods to be primarily coated. Fig. 2 (a-c) show the surface morphology after SiO2 deposition. Fig. 2(a) shows an SEM image of an Au nanorod sample with 30 nm SiO2 deposition. Fig. 2(b) show an AFM image of the same sample. The images show that the surface consists of large sphere shaped particulates of SiO2. Studies have shown that sputtering SiO2 films at 30 nm produces similar microscopy surface image features with the surface roughness been reported to be less than 1 nm [28] . Fig. 2 (b)-insert shows a cross-sectional TEM image. The image shows the presence of up-right nanorods and SiO2 layer. XRD data of the sample shows that as you progress deeper into the sample from the top of the SiO2 into areas between the nanorods, silicon can be detected though at progressively lower concentration. Fig. 2(c) shows line profiles extracted from the AFM images for SiO2 thicknesses d=10-50 nm. As can be seen from the line profiles, the roughness parameter is similar for different thicknesses of SiO2. The square mean roughness (R) calculated from these line profiles is Raverage = 2.5 nm.
The fluorescence and Raman spectra were recorded simultaneously. The fluorescence spectrum is measured as a broad peak at c.a. 550 nm with Raman bands superimposed onto the fluorescence spectrum. Fig. 3(a) shows the Raman spectra obtained at different thicknesses of SiO2. No Raman bands were observed from the dye recorded on glass with SiO2 demonstrating that the observed Raman bands are plasmon assisted i.e. surface enhanced Raman scattering (SERS). We observed a strong SERS signal when there was no SiO2 present between Au and R6G. As SiO2 was introduced the SERS response vanished. In parallel, the fluorescence emission intensity on glass was compared to that from the Au nanorod array, see Fig. 3(b) . The fluorescence intensity from the fluorophore adsorbed directly on the Au nanorod array was reduced (see graph "0 nm" and "glass"). The reason for the decrease in fluorescence intensity is due to the direct contact between fluorophore and metal, causing the florescence emission to be predominantly deactivated through metalinduced energy transfer. Fig. 3(b) also shows the change fluorescence intensity when adding SiO2 dielectric spacer layers between Au nanorods and the fluorophore, showing that the fluorescence signal is distance dependent. The intensity of the fluorescence signal was monitored as a factor of spacer layer thickness d=10-50 nm on the Au nanorod array. The fluorescence signal is seen to increase above that for glass with increasing spacer thickness. At d=30 nm spacer thickness the fluorescence signal is seen to maximise, thereafter declining with increasing SiO2 spacer thickness.
We also studied the distance dependent SEF using 473 nm excitation wavelength (see Fig.  3(d) ). The enhancement factor (EF) vs. thickness was plotted. EF is calculated as EF = IAu NR / IGlass where IAu NR is the intensity measured from the Au nanorod array and IGlass is the fluorescence intensity measured from the glass slide with SiO2. The plot shows a maximum EF of > 3 at d=30 nm. We observed a similar trend in EF even though the spectral position of the LSPR of the Au nanorod array does not overlap with the wavelength of the excitation laser. Previous studies have shown that for SiO2 thicknesses above d=10 nm, the choice of excitation wavelength has a minor effect on the resulting signal intensity [30] . But below d=10 nm the electromagnetic field strength is highly depend on whether or not the wavelength is in resonance with the localized surface plasmon. Even below 10 nm we do not observe a major difference in EF for 473 and 532 nm excitation wavelengths. The explanation for the similarities in EF for both wavelengths is that we are probing within the interband transition region of Au [1, 25, [35] [36] . Probing with a larger excitation wavelength would minimize the energy losses which are at a minimum around 650 nm. Furthermore it would also be optimal to have the LSPR, dye absorption and emission bands spectrally positioned outside the interband transition region to fully take advantage of resonant excitation. The observed distance dependent enhancement of the fluorescence intensity indicates that the fluorescence signal is plasmonically enhanced by the Au nanorods and that the quenching by the metal is dramatically reduced by the introduction of a spacer layer. To support this theory we measured the average lifetimes from each sample. There exists a competition between the non-radiative (knr) rate and radiative (Γrad) rate of the fluorescence intensity. The presence of the metallic nanostructure causes an increase in radiative and non-radiative decay pathways available. The lifetime of the fluorophore in its excited state (τ) is inverse proportional to both decay rates as expressed by  = 1/ Γrad + knr where knr and Γrad correspond to nonradiative and radiative decay rates. Quenching of the fluorescence emission is dominant at short distances between metal and fluorophore. The non-radiative rate decays rapidly with distance (d -3 ) whereas the enhancement of the radiative rate is long range effect and therefore by using an appropriate spacer layer to separate the fluorophore from the metal it is possible to increase and maximize the emission intensity [20] . We want to decrease the non-radiative rate and minimize the decrease in radiative rate. The non-radiative rate, radiative rate and excitation rate have been shown to all decrease with distance to the metal surface [19-25, 37, 38] . Note that modifications to the radiative rate extend to much larger distances than the non-radiative rate. We therefore expect that directly on the "bare" Au both rates are maximized and we observe the lowest lifetime. We observed a decreased fluorescence lifetime for the fluorophore on the Au nanorod arrays compared to glass (Fig 4(a) ). When a spacer layer was added the lifetime increased. On spacer layers of 10 and 20 nm the fluorophore had a longer lifetime (3.20 ± 0.06 and 3.57 ± 0.05 ns respectively) than when situated on 'bare' Au nanorod arrays (2.62 ± 0.12 ns). It is noted that this value is relatively long lived which we assign to the probe molecule been drop deposited creating areas of probe molecule agglomerates. When the spacer layer thickness increased to d=30-50 nm the lifetime was further increased (3.96 ± 0.21, 4.11 ± 0.11 and 4.08 ± 0.23 ns respectively). The distance dependent change in lifetime is shown in Fig. 4(b) . The lifetime values have been normalized with respect to the lifetime measured from R6G on glass with SiO2. By increasing the spacer layer between fluorophore and metal the decay rates decrease. But the decrease in non-radiative decay rate happens more rapidly compared to the decrease in radiative rate. We are therefore able to observe SEF at spacer thickness d=30 nm. This decrease in both rates leads to a total increase in lifetime. This is in line with established theory [19-25, 37, 38] . It is seen that even at 50 nm SiO2 spacer layer the fluorophore is still plasmonically affected by the Au nanorod arrays, since the lifetime has not fully recovered. The fluorescent lifetime of the fluorophore on glass is 4.69 ± 0.18 ns. We have demonstrated that it is possible to achieve SEF using Au nanorod arrays prepared with plasma polymerisation deposited SiO2 dielectric spacers. In correlation with fluorescence lifetime measurements we have shown that the fluorophore was affected by the plasmonic field at the surface of the Au nanorods and that it was possible to effectively reduce quenching and produce SEF using the right SiO2 spacer thickness. The fluorescent lifetime was seen to increase with increasing SiO2 spacer layer thickness since E-field and the metal-induced energy transfer decreased with distance from the Au nanorod surface. SERS signal intensity from R6G was seen to reduce dramatically as the SiO2 spacer layer thickness increased. The SEF signal was maximised when using a 30 nm spacer layer thickness resulting in a 3.5-fold enhancement within the interband transition region of the Au nanorods. We observed no different in EF when changing the excitation laser from 532 nm to 473 nm, due to dampening by interband transitions in Au. SiO2 was shown to form a film with moderate topography when creating the spacer layer on Au nanorod arrays. This provided an environment for reproducible SEF signal enhancement. The average variation in signal intensity across the entire sample area was maintained at < 15% per 500 m 2 owing to the small surface roughness of SiO2 and the homogeneity of the Au nanorod arrays. Improvements in the methodology of sample preparation ex. probe and SiO2 deposition methodology potentially may improve the reproducibility factor further.
